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this  amount  in  order  for  the  receiver  to  effectively  operate.  Thus,  the  receivers  should  be  regarded 
as  vulnerable  throughout  the  broader  frequency  band  70  to  1 30  kHz. 

The  results  of  this  activity  are  to  be  utilized  by  the  U.S  Coast  Guard  m  preparing  a  set  of 
recommendations  to  be  presented  to  the  International  Radio  Consultative  Committee  of  the 
International  Telecommunications  Union  in  support  of  the  U.S.  Government's  request  for  protection 
of  the  LORAN-C  radionavigation  system. 

The  principal  data  gathering  effort  was  accomplished  by  the  USCG  Electronics  Engineering 
Center  (EECEN)  m  accordance  with  a  Test  Plan  prepared  by  the  U.S.  DOT/Transportation  Systems 
Center. 
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GLOSSARY  OF  FREQUENT  ABBREVIATIONS 


CA 

Combined  Accuracy 

CA  =  (MTDE2  +  TD2) 

CWI 

Continuous  Wave  Interference 

EECEN 

USCG  Electronics  Engineering  Center 

LRTC 11 

LORAN  Receiver  Test  Complex  II 

rms 

root  mean  square 

rss 

root  sum  square 

SIR 

Signal-to-Interference  Ratio 

TO 

Time  Difference 

MTDE 

Mean  Time  Difference  Error 

WB 

Wideband 

NB 

Narrowband 

S.D. 

Standard  Deviation 

FSK 

Frequency  Shift  Keyed 

RATT 

Radio  Teletype 

SNR 

Signal-to-Noise-Ratio 

GRI 

Group  Repetition  Interval 
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1.  INTRODUCTION 


This  report  describes  the  results  obtained  from  a  series  of  tests  conducted  by  the  U  S.  Coast 
Guard  and  the  Department  of  Transportation  (DOT)  Transportation  Systems  Center  (TSC)  contractor 
personnel  at  the  USCG  Electronics  Engineering  Center  in  Wildwood,  N.J.,  in  accordance  with 
instructions  contained  in  DOT/TSC,  "Test  Plan  to  Develop  Revised  LORAN-C  Protection  Criteria". 

The  purpose  of  the  tests  was  to  subject  five  typical  LORAN-C  receivers  to  harmful  radio 
communications  interference.  The  conclusions  derived  from  this  effort  have  been  utilized  by 
DOT/TSC  and  the  USCG  to  support  the  U  S.  Government's  request  for  protection  of  the  LORAN-C 
radio  frequency  (RF)  band  70  to  130  kHz. 

Between  frequencies  70  kHz  and  130  kHz,  a  number  of  different  radiocommunications  and 
radionavigation  services  worldwide  have  been  approved  for  transmission  on  specific  frequencies  by 
the  International  Telecommunications  Union  (ITU).  When  these  signals  overlap  with  sufficient 
intensity,  they  produce  harmful  interference  affecting  these  services. 

The  International  Radio  Consultative  Committee  (CCiR)  of  the  ITU  has  responsibility  for 
formulating  recommendations  on  an  international  level  regarding  use  of  the  radio  communications 
and  radionavigation  frequency  spectrum.  Because  of  the  adverse  consequences  of  some  types  of  RF 
interference  on  radionavigation  systems,  particularly  the  Decca  Navigator  system  and  the  LORAN-C 
radionavigation  service,  the  CCIR  solicited  technical  advice  from  the  advocates  of  the  Decca  system 
and  from  the  U.S.  Coast  Guard  regarding  the  LORAN-  C  system. 

It  IS  necessary  to  recognize  that  safety  considerations  relevant  to  performance  of  the  LORAN-C 
radionavigation  service  (and  also  the  Decca  system)  make  it  essential  that  they  be  able  to  operate 
free  from  harmful  interference. 

While  LORAN-C  transmitters  are  required  to  transmit  a  minimum  of  99  percent  of  their 
^apiatea  oowe'  me  oand  9C  '<.'-^z  to  110  <Hz.  LORA.'i-C  'ecewe''5  ’■eoui'e  oanaw:atns  greate'' 

man  2G  <.-iz  n  orcer  -'or  •.-e  ^ece-ve'-  to  oe  effect  ve 

“he  orooiem  of  orovipmg  suitaoie  protection  to  the  .ORAN-C  and  Decca  Navigator  systems 
"as  oeen  understudy  oy  the  international  Telecommunications  Union  (ITU)  During  its  1  5th  Plenary 
Assembly  (Geneva,  '982)  the  CC!R  concluded  m  Report  915'  that  for  planning  ourooses,  when 
acceotance  of  a  new  transmitting  signal  is  considered  within  the  70  kHz  -  '30  kHz  band,  the  Decca 
Navigator  system  should  be  orotected  by  assuring  a  nominal  relative  signal-to-interference  buffer  or 
ratio  between  the  system  and  the  new  transmission  of  *  15  cS  An  additional  allowance  of  •  6  d3 
was  allocated  to  orotect  the  Decca  system  from  skywave  interference  at  night.  The  criteria  were 
deveiooed  from  data  ootamed  n  'adoratory  testing 


Itwasdesired  to  prepare  a  similar,  quantitatively-based  criteria,  for  protection  of  the  LORAIM-C 
radionavigation  system;  however,  the  appropriate  test  data  were  not  available  when  the  U  S. 
Government  submission  was  prepared. 

The  guidelines  for  preparation  of  the  U.S.  response  are  in  CCIR  'Question'  33/8  which  reads  as 
follows; 

CCIR  question  33/8 

1  -  What  system  parameters  must  be  defined  to  assure  compatability  and  to  avoid 
harmful  interference  between  the  radionavigation  services  and  other  services 
authorized  m  the  bands  between  70  kHz  and  1 30  kHz; 

2-  What  system  factors  may  cause  interference  between  different  types  of 
radionavigation  systems  operating  in  these  bands; 

3-  What  ooerational  characteristics  should  be  'ecommended  to  avoid  mutual 
interference  between  stations  providing  the  same  type  of  radionavigation 
service^ 

A  U.S.  Government  response  to  these  concerns,  prepared  by  the  U  S.  Coast  Guard,  was 
formulated  as  an  Amendment  to  the  CCIR's  Report  915.  It  required  supporting  data  which  could  De 
used  to  correlate  types  and  relative  strengths  of  RF  transmissions  appearing  m  the  70  kHz  to  1 30  kHz 
oand  with  the  performance  of  typical  state-of-the-art  LORAN-C  receivers. 

When  available,  the  data  were  to  be  synthesized  as  a  protection  criteria  and  suosequently 
used  to  assist  m  evaluation  of  requests  for  new  frequency  assignments  within  this  band. 

The  U  S.  Coast  Guard's  Electronics  Engineering  Center  (EECEN)  was  given  the  task  to  conduct  a 
senes  of  tests  which  would  provide  the  basis  for  a  quantitative  response  to  tne  Question'  33/8 
oreviously  described  EECEN  was  assisted  in  this  ef*ort  by  tne  DQT/TSC,  at  Camortdge,  NIA,  wnich 
oreoared  t”e  7est  ^'an  and  completed  analyses  of  data  ~re  data  we''e  subsequently  used  to 
•C""-.!a‘.e  a  c' ■e'' a  'cr  assi^.-  ng  con'oatioii.ty  wnm  o'.’'er  auf'cnzed  'aconavigaticn  s, steins  and 
5,c  ca''ce  3'  ''3'""''^  cetwee''  anc  amoi-g  •."e  se^v  ces  a.-t’^or'cec  'o  ocena^.e  .v  t~ 

--a  70  <  -z  -  ■  30  <  -^z  oano 

'his  ^eoort  desc'  oes  t”e  development  of  tne  test  c.-tena,  tne  tests  ^nder*.a<en  py  EECE,''i,  'ne 
''at'jre  of  tne  interferences  :moosed  on  the  ‘ive  selected  -ORAN-C  receivers,  results  and  conclusions 
ootamed  from  analysis  of  tne  data. 

The  report  mcluoes  suggested  cntena  '"or  protection  of  tne  lORAN-C  'aoionavigation  system, 
and  offers  a  procedure  ‘or  assessing  tne  e’^fect  of  muitioie  nterfermg  signals  on  lORAN-C  'eceiver 


pe'’*ormance. 


2.  BACKGROUND 


2.1  GENERAL 

LORAN-C  receiver  performance  is  susceptible  to  two  general  types  of  radio  frequency 
interference: 

•  Those  of  an  amplitude  form  which  modulate  the  LORAN-C  signal  envelope  or  mask  the 
desired  zero  crossing  (tracking)  point  due  to  the  signal  strength  of  the  interfering  RF 
transmission; 

•  Those  which  are  synchronous  or  near-synchronous,  in  the  time  domain,  with  the  spectral 
lines  associated  with  the  LORAN-C  pulse  rate  in  use. 

Because  the  ITU  authorizes  several  radionavigation,  fixed,  and  maritime  mobile  services  in  the 
bands  between  70  kHz  and  130  k.Hz;  and  because  these  radionavigation  systems  may  be  either  pulse 
or  continuous  wave  (COV);  and  because  typical  lORAN-C  receiver  systems  must  be  capable  of 
acquiring  and  subsequently  tracking  relatively  weak  transmissions,  it  was  necessary  that  the 
■nter'erence  tests  be  caoable  of  measuring  receiver  pe'^formance  under  varying  but  <nown  and 
controlled  conoitions  of  relative  signal-to-mterference  field  strength  and  interfering  freouency, 

2.2  TYPES  OF  INTERFERENCE 

The  recognized  reference  for  defining  LORAN-C  signal  characteristics,  reouired  receiver 
performance,  types  of  interference  and  their  potential  effects  is  the  .RTCM  5C-70  publication, 
Nlimmum  Performance  Standards  (MPS)  for  Marine  LORAN-C  Receiving  Equipment^  as  described  m 
RTC.M  .Paoer  i  2-78/00- 100  '  There  are  three  categories  of  interference  and  three  types  of  emissions 
of  concern  to  LORAN-C  receivers  discussed  therein  and  reviewed  below, 

2.2.1  Synchronous  Interference 

Syncnronous  transmissions  are  those  whicn  produce  soectral  lines  which  are  in  onase  with 
•nose  of  the  lORAN-C  ouise  oatte''n  They  cause  a  constant  error  n  the  measured  .ORAN-C  time 
t:i''e^e-ce  ''Oi  arc  '•'us  n  'ac  onavication  acc^'acy 

2.2.2  Near-Synchronous  Interference 

'Jear-sync-ronous  transmissions,  wniie  not  '.n  onase  witn  f'e  .OPAN-C  ou.se  oaite''h,  are  those 
/vnose  spectral  Lnes  fail  within  the  oandwidth  of  the  servo  tracking  loco  of  the  •eceiver 

Note:  Synchronous/near-synchronous  mter'ermg  signais  cause  mcreases  in  the  mean  time 

difference  error  (,V1~OE)  of  the  •eceiver  tnrougn  their  effect  on  the  Signal  phase 
'racking  circuits 

'  A  seoarate  NIPS  s  oemg  oreoared  'or  avionics  receive'^s  oy  the  Radio  ’ecnnicai  Commision  ’’or 
Ae^onaut'cs  yN-e"  comoieted,  seoarate  tests  may  oe  aooroonate  'or  avionics  -ORAN-C  'ece've''s 


2.2.3  Non-Synchronous  Interference 

Non-synchronous  transmissions  of  sufficient  amplitude  to  cause  interference  with  the  received 
LORAN-C  signal  contribute  to  an  increase  in  the  variations  of  time  difference  error  about  the  mean 
value  and  are  described  in  terms  of  standard  deviation  (S.D.).  This  kind  of  interference  is  significant 
when  its  relative  signal  strength  enables  it  to  mask  the  envelope  start  point,  the  desired  zero¬ 
crossing  (tracking)  point,  or  the  shape  of  the  LORAN-C  pulse. 

2.2.4  Types  of  Emissions 

There  are  three  principle  types  of  emissions  of  concern  to  this  study,  Continuous  Wave  (CW), 
Narrowband  Frequency  Shift  Keyed  (FSK),  and  Wideband  FSK. 

2.2.4. 1  Continuous  Wave  Interference  (CWI).  Emissions  of  this  type  are  narrowband  and  usually  can 
be  rejected  through  implementation  of  notch  filters.  The  number  of  such  CWI  sources  can  be  of 
concern.  When  the  frequency  of  the  CW  interference  lies  within  the  90  kHz  to  110  kHz  frequency 
band,  special  consideration  must  be  given  to  its  possible  effect  since  apol'cation  of  notch  filters 
within  this  band  may  degrade  the  receiver's  ability  to  evaluate  envelope  shape  and  thus  may  prevent 
the  receiver  from  locking  on  to  (acquiring)  the  desired  tracking  point  (cycle) 

2. 2. 4. 2  Narrow  Band  Frequency  Shift  Keyed  (FSK)  Communications.  Emissions  of  this  type  consist  of 
oands  of  energy  centered  about  a  soecified  carrier  frequency.  The  frequency  shift  usually  occurs 
within  a  range  of  i  SO  to  400  Hz.  One  of  two  frequencies  is  being  emitted  at  any  instant. 

2. 2. 4. 3  Wideband  Frequency  Shift  Keyed  (FSK)  or  Multichannel  Radio  Teletype  (RATT) 
Communications.  Emissions  of  this  third  type  are  similar  to  narrowband  FSK  except  that  the 
transmissions  are  completed  on  several  channels  which  are  changed  at  arbitrary  intervals  and  spaced 
Over  several  kHz, 

2.2.5  Summary 

Data  ,ve''e  'eouireo  'or  eac"  of  me  comomations  of  interference  sur-nnar'zec  n  ~aoie  2-' 

oe'ovv 

TABLE  2-1.  DATA  REQUIREMENTS  BY  TYPE  OF  INTERFERENCE 


3.  TECHNICAL  APPROACH 


3.1  GENERAL 

Facilities  at  the  USCG's  Electronics  Engineering  Center  (EECEN)  were  utilized  for  the  tests  since 
they  offered  the  capability  to  simulate  unwanted  RF  interference,  the  specified  LORAN-C  signals  and 
the  environmental  conditions  of  interest. 

3.2  FACILITIES  AND  EQUIPMENT 

3.2.1  Navigation  System  Simulator 

The  simulator  complex,  which  employs  the  LORAN-C  Receiver  Test  Complex  (LRTC  11)3  as  its 
primary  instrument,  also  includes; 

•  Rockland  Remotely  Programmable  Frequency  Synthesizer,  Model  110  narrowband  CW 
generator 

•  Hewlett-Packard  Automatic  Synthesizer,  Model  33038  wideband,  multi-channel,  FSK 
emulator 

•  Wavetek  HF  Sweep  Generator  -  narrowband  FSK  emulator. 

The  LRTC  II  is  a  second  generation  (Coast  Guard  designed)  receiver  test  facility  located  m  a 
dedicated  facility  within  the  EECEN  The  simulator  provides  repeatable  (ana  fully  documented) 
signal  conditions  for  measuring  the  performance  of  LORAN-C  (and  LORAN-0)  receivers.  It  features 
high  accuracy  and  resolution  and  provides  means  for  complete  control  of  the  LORAN  pulse.  In 
addition,  it  offers  a  full  complement  of  interference  sources,  including  a  simulated  atmospheric 
noise  source.  The  system  is  buss  oriented  with  all  parameters  controllable  from  a  central  location. 

3.2.2  LRTC  II  Setup 

~ne  lRTC  II  was  set  uo  as  follows  (see  rig^re  3- ' ): 
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Setting 

9960 

M,W,X,Y,Z  (M  is  the  master  station)  (W,X,Y,Z  are  secondary 
stations)  (W  is  used  to  evaluate  performance) 

M-70,  W-40  (Referenced  todB/1  microvolt/meter) 

50  dB/1  microvolt/meter  ( 1/3  SNR  for  9960- W) 

OFF  (except  as  noted  in  Section  4) 

OFF 

M  I  .Ops;  W,X,Y,Z -1.5ns 
OFF 

As  necessary  to  determine  receiver  error. 

(1)  Relative  field  strength  or  Signal-to-interfe'-ence  Ratio  (SIR)  -  varied  within  the  range 

30  dB  to  -50  dS. 

(2)  Kinds  of  Interference  -  LRTC  II  adjusted  to  simulate  near-synchronous  and  non- 
synchronous  interference  m  accordance  with  the  Test  Plan. 

(3)  Types  of  Emissions  -  LRTC  II  inputs  varied  to  produce  CWI,  narrowband  and  wideband 
FSK  in  accordance  with  the  Test  Plan. 

•  Specific  Interferences: 

CWI,  near-synchronous  to  be  set  within  0.006  Hz  of  the  LORAN  spectral  line;  e  g., 
within  the  servo  bandwidth  of  the  receivers. 

Frequency  Shift  Keying,  (FI)  (narrowband);  set  up  a  single  channel  with  170  Hz  shift, 
one  tone  to  be  near-synchronous. 

Multiple-Channel  Frequency  Shift  Keying,  (F9);  set  up  utilizing  1 1  channels,  3  kHz  total 
bandwidtn 

3.2.3  State-of-the-art  LORAN-C  Receivers 

Five  LORAN-C  receivers  were  provided  to  the  USCG  oy  TSC:  tnree  .'nanne  and  two  airoome 
radionavigation  (RNAV)  systems.  The  receivers  were  of  hard  limited  design  and  were  selected 
because  they  were  typical  of  those  available  m  the  marketplace.  The  three  marine  receivers 
represented  the  high,  medium,  and  low  ends  of  the  market  while  the  two  airborne  receivers 
reoresented  the  medium  and  low  end  of  their  respective  market.  Thus,  their  response  to  the  RFI  tests 
were  representative  of  the  manner  m  which  most  state-of-the-art  receivers  would  behave  under 
similar  circumstances. 


Control  Parameter 

•  Group  Repetition 
Interval  (GRI) 

•  Stations 

•  Signal  Strength 

•  Atmospheric  Noise 

•  Gaussian  Noise 

•  Skywave  Interference 

•  Envelope-to-cycle 
differences 

•  Cross-rate  Interference 

•  RF  Interference 
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3.2.4  Setup  of  LORAN-C  Receivers 

The  notch  filters  were  to  have  been  disabled  in  each  receiver.  However,  as  will  be  discussed  in 
Section  4,  the  procedures  recommended  by  the  manufacturers  were  not  always  successful. 

The  receivers  were  operated  using  Group  Repetition  Interval  (GRI)  9960  which  is  the  assigned 
GRI  for  the  Northeast  United  States. 

3.3  PARAMETERS  OF  TESTS 

3.3.1  Assumptions 

•  Receiver  bias  error  would  be  constant  {or  could  be  normalized)  for  the  tests; 

•  Receiver  tracking  bandwidth  could  be  established  through  step  response  tests  as  described 
in  the  USCG's  "Five  Day  Test  ^lan  "  -  Project  W0944-  A4 

•  Insertion  of  interference  into  the  simulated  lORAN-C  signal  with  simulated  atmospheric 
noise  would  permit  establishment  of  0.3  microsecond  error  limits  for  a  band  of 
frequencies,  it  was  expected  that  the  receivers  would  exhibit  less  susceptibility  as  the 
interfering  frequency,  f,,  was  displaced  further  from  100  kHz; 

•  The  LORAN-C  signal  strength  as  measured  at  EECEN  is  representative  of  typical  service 
areas.  This  was  used  to  establish  signal  levels  for  all  stations. 

3.3.2  Types  of  Tests 

3.3. 2.1  Frequency-Related  Forms  of  Interference.  CC.'R  Report  915  as  amended  by  Revision  1  states 
that  a  1.0  Hz  protected  bandwidth  around  LORAN-C  spectral  lines  is  desired.  This  is  predicated  on 
tne  obse'-vation  that  marine  receivers  typically  exhibit  a  '■esoonse  of  0  0’  Hz,  that  airborne  receivers 
exn  Q.t  a  'esoonse  o'  3  ‘  -z,  and  :."at  a  safety  ‘actor  o'  '0  1  s  suf‘  c  ent  to  oerm't  -'ormai  -ece'ver 
operation  to  venfy  this  criterion,  the  receiver  tracxmg  bancwict''  /vas  determined  for  each  receiver 

3. 3. 2. 2  Amplitude-Related  Interference.  The  rms  signal  level  of  the  LORAN-C  ouise,  as  defined  at  the 
standard  sampling  point,  was  compared  with  the  rms  level  of  the  interference  to  obtain  a  measure 
of  signal-to-interr'erence  ratio  (SIR). 


3.3.3  Test  Criteria 


The  principal  criteria  of  testing  were; 

1)  verification  of  the  characteristics  of  receiver  tracking  bandwidths  of  less  than  0.01  Hz  for 
marine  receivers  and  0. 1  Hz  for  airborne  receivers; 

2)  determination  of  the  combinations  of  emitter  frequency  and  relative  signal  strength  at 
which  the  LORAN-C  test  receiver  accuracy  degraded  to  0.3  microsecond. 

The  0.3  microsecond  time  difference  error  is  that  which  is  allowed  in  the  RTCM  Minimum 
Performance  Standards,^  the  U.S.  standard  for  measuring  performance  of  LORAN-C  receivers. 


3.3.4  Test  Procedures 

3. 3. 4.1  Receiver  Biases.  All  identified  receiver  biases,  determined  before  introduction  of  any 
interference,  were  tagged  and  eliminated  from  the  data  before  assessing  TD  error  performance.  The 
Test  Plan  required  that  the  receiver  undergoing  test  be  held  at  the  correct  tracking  pomt,  i.e., 
nominal  0.0  microsecond  TO  error. 

3. 3. 4. 2  Tracking  Bandwidth.  The  tracking  bandwidth  of  each  receiver  was  established  in  accordance 
with  the  procedures  outlined  in  the  Coast  Guard's  standard  "Five  Day  Test  Plan",  The  objective  of 
this  test  was  to  confirm  that  the  'typical'  receiver  servo  bandwidth  was  less  than  0.01  Hz  for  marine 
receivers  and  0. 1  Hz  for  airborne  units. 

3. 3. 4. 3  Independence  of  Measurements.  All  observations  and  measurements  taken  during  the 
interference  tests  were  controlled  and  or  timed  to  be  statistically  independent  (95  percent 
confidence). 

3. 3. 4. 4  Validation  Tests.  The  T5C  team  returned  to  EEC5N  following  assessment  of  the  data 
gathe''?d  during  *re  or  ncioai  signal-to-m.terference  ratio  tests  'or  the  ourpose  of  conauctmg  a  se'-  es 
of  test  validation  'measurements  “nese  tests  nciuoeo  a  .mirec  samoie  of  receiver  acouis.t  on  tests 
as  well  as  a  reoetition  of  selected  sets  of  SiR  track. ng  measurements.  Gaussian  ana  atmosohenc 
noise  sources  were  employed.  Correlation  of  required  signal  to  noise  eveis  with  seiectea  noise 
sources  was  made. 

3.3.4. 5  Retention  of  Data.  All  test  instrumentation  set-ups  and  tests  were  documented  so  that  they 
could  be  reoeated  at  a  later  date  as  required.  All  raw  data  acquired  during  the  test  program  and 
related  project  notebooks  will  be  retained  for  a  period  of  5  years.  This  will  .nsure  that  supportive 
data  IS  available  throughout  the  next  CCIR  d-year  cycle. 


3.4  SIMULATING  INTERFERENCE  AND  SELECTING  FREQUENCIES3 


3.4.1  Near-Synchronous  Interference 

In  this  test  program  the  effect  of  near-synchronous  interference  was  evaluated  by  setting  the 
carrier  frequency  (fj  of  the  interferer  so  that  it  satisfied  the  relationship; 

f- -  <fu 

'<=  2GRI  >> 

where  fj,  is  the  tracking  bandwidth  of  the  receiver,  N  is  any  integer  and  GRI  is  the  LORAN-C  Group 
Repetition  Interval  (GRI)  under  consideration. 

Near-synchronous  interference  frequencies  throughout  the  70  to  130  kHz  band  were  mixed 
with  LORAN-C  signals.  Spectral  spacing  of  0.006  Hz  was  maintained  at  each  test  frequency. 

3.4.2  Non-Synchronous  Interference 

The  effect  of  non-synchronous  interference  was  evaluated  by  setting  the  carrier  frequency  of 
the  unmodulated  interference  halfway  between  two  spectral  lines  of  the  LORAN-C  signal. 

3.4.3  Emission  Bandwidths 

The  combinations  of  frequencies,  types  of  emissions  and  modulation  indices  in  use  by  various 
agencies  is  enormous.  Tests  for  all  combinations  would  have  been  Impractical.  The  following  test 
conditions  were  selected  as  representative  of  emission  types. 

•  CW  Emissions  -  bandwidth  less  than  6  Hz,  within  0.001  Hz  of  f,,  where  f,  is  the  interfering 
frequency. 

•  Narrowoand  FS<  i  35  Hz  mooulation,  centered  aoout  f ,  3aud  Rate  1 1 0 

•  Wideoand  -SK  -  '0  cnanneis,  3CC  Hz  soacmg,  centered  aoout  f-,  /vith  totai  emission 
bandwidth  of  3  <Hz.  3aud  Rate  300. 


3.5  FREQUENCY  ASSIGNMENT 


3.5.1  Nominal  Assignment 

Frequency  assignments  for  the  signal  to  interference  tests  were  spread  throughout  the  70  to 
130  kHz  band.  Ten  frequencies  were  evaluated  for  ON  and  wideband  FSK  interference.  Evaluation 
of  only  five  frequencies  for  narrowband  FSK  were  made  since  performance  patterns  became  obvious 
after  conducting  the  CW  and  wideband  FSK  tests. 

The  nominal  frequencies  of  the  interferences  selected  were: 


a. 

72  kHz 

f. 

101  kHz 

b. 

78kHz 

9- 

107  kHz 

c. 

84  kHz 

h. 

1  13  kHz 

d. 

90  kHz 

1 

1 19  kHz 

e. 

96  kHz 

1 

125  kHz 

3.5.2  Specific  Frequency  Assignment 

The  specific  frequencies  selected  are  shown  m  Table  3-1  and  were  derived  as  follows; 


a.  For  near-synchronous  types  of  interference,  the  specific  frequency  was  selected  from: 
fi  =  f,  +  0.006  Hz,  where  f,  was  the  closest  spectral  line  to  the  nominal  frequency. 

b.  For  non-synchronous  types  of  interference,  the  specific  frequency  was  identified  from: 
f,  =  f,  +■  1/2  spectral  spacing. 

c.  Frequency  Calculations:  Since  Loran  is  a  pulse  modulated  transmission,  it  has  discrete 
spectral  lines.  The  soectral  line  spacing  is  inversely  proportional  to  the  pulse  rate  or  Phase 
Code  Interval  (PCI): 


.p 


where:  = 

pc;  = 

GRI  = 
for:  GRI  = 


I  I 

PCI  2  GRI 
soectral  line  soacing 
Phase  Code  interval 
Grouo  Repetition  interval 

99600  microseconds 


1 

2(99600  as) 


(') 


(2) 


/■  =.5  020lffz 


(3) 


y, 


TABLE  3-1.  SPECIFIC  FREQUENCIES 


NOMINAL 

FREQUENCY 

INTERFERENCE 
PERIODS  IN 
1300ijS(Note  1) 

APPROXIMATE 
FREQUENCY 
(Note  2) 

NEAREST 
SPECTRAL  LINE 
NO.  (Note  3) 

SPECTRAL  LINE 
FREQUENCY 

72  kHz 

936 

72038  Hz 

5570 

72038.153  Hz 

78  kHz 

1014 

78038  Hz 

4374 

78042.169  Hz 

84  kHz 

1092 

84038  Hz 

3180 

84036.145  Hz 

90  kHz 

1170 

90038  Hz 

1984 

90040.161  Hz 

96  kHz 

1248 

96038  Hz 

790 

96034.137  Hz 

101  kHz 

1313 

101038  Hz 

206 

101034.137  Hz 

107  kHz 

1391 

107038  Hz 

1402 

107038.153  Hz 

1 13  kHz 

1496 

113038  Hz 

2598 

1  13042.169  Hz 

1 19  kHz 

1547 

119038  Hz 

3792 

1  19036,142  Hz 

125  kHz 

1625 

125038  Hz 

4988 

125040.161  Hz 

Notes:  (1)  Solving  n  m  equation  6  using  the  nominal  frequency  and  truncating  to  an  integer 

(2)  Solving  for  f,  in  equation  6  using  n  from  column  2. 

(3)  Even  spectral  lines  were  used  to  avoio  phase  code  uncertainty  between  grouos. 
Number  of  spectral  lines  from  the  100  kHz  earner  frequency  solving  for  N  m 
equation  4. 


The  spectral  lines  are  centered  around  100  kHz. 

To  find  a  spectral  line, 

_V 

~  ‘  “  2  GRl 

wnere:  '5,  =  soectral  ime  f^eouency 
N  =  an  integer 
fc  =  100  kHz  carrier  frequency 

Next,  the  effect  of  the  interference  on  master  and  secondary  stations  was  considered,  -or 
a  synchronous  interference,  if  there  were  integer  number  of  oeriods  of  .ntei-fe’'e''ce 
between  master  and  secondary,  both  stations  would  be  '  n-phase'  and  tne  "D  error 
would  be  minimal  because  both  stations  would  wander  together 
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This  effect  was  avoided  by  the  choice  of  out-of-phase  frequency  selection,  partly  because 
of  an  amplitude  difference  between  master  and  secondary,  and  partly  because  selection 
of  interference  frequency  was  restricted  to  an  out-of-phase  criterion. 

That  is; 

n-(-l/2  __  (5) 


where:  f,  =  interference  frequency 
n  =  an  integer 
TD  =  time  difference 


rD(/)  =  n- 1/2 

Modulation  Calculations  -  A  Frequency  Shift  Keyed  (FSK)  or  F 1  signal  was  also  used  m  the  tests. 
A  binary  FSK  waveform  with  a  continuous  phase  and  constant  envelooe  was  used  The 
general  expression  for  the  waveform  is; 

(7) 

Z(t)  =  A  cos(2nf  t-2nt  (Dit))~Q) 

C  <3 

where:  0(t)  =  a  random  binary  waveform  with  levels  *’l  when  bi<  =1  and-1  when  bi(  =0 
fc  =  carrier  frequency 
f(j  =  frequency  deviation 
bk  =  bit  stream,  O's  or  I's 

The  instantaneous  frequency,  f,  is: 

fj=  fc  fd<D(C)).or  (8) 

=  fc  fdforD(t)  =  1.  or  bk  =  r.  or  (9) 


-  .  ''ifor  D‘ '  =  •/.  yr  bk  =  0  '  '2' 

-or  the  tests, 

fa  =  85  HZ 

bk  =  alternating  I's  and  O's  (squarewave),  simulating  a  lOO  baud  data  'ate,  '0 
ms  per  bit. 

-or  a  large  freouency  shift  compared  to  the  data  rate,  ma|or  oeaks  m  the  power  spectral 
density  curve  occur  at  the  'requencies,  fc  *  f^  and  fr  -  f^.  'mpulses  corresponomg  to  the 
discrete  'requency  sinusoid  components  are  not  present  because: 
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(11) 


rpf 

’f'' 


r 

u'-! 


2fd  *  mrb 

Where:  m=  any  integer 
rjj  =  bit  rate 

The  exact  frequencies  used  for  testing  are  listed  in  Table  3-2  below  The  frequencies  were 
selected  so  that  f^  +  f^  was  0.006  Hz  from  a  LORAN-C  spectral  line. 

e.  Multi-Channel  Simulation  -  A  multiple  channel  signal  was  simulated  by  using  a  frequency 
synthesizer: 

Z(t)  =  A  cos  (2  n  -h  2  rz  fja(t))  +■  d)  (12) 

where:  a(t)  =  n  from  0  to  10 

fa  =  frequency  increment 
The  instantaneous  frequency,  fj,  is: 

/■  =  4  (12) 

For  these  tests,  a  3  kHz  bandwidth  was  used.  Each  frequency  step,  fa,  was  300  Hz.  Eleven 
discrete  frequencies  were  transmitted,  one  at  a  time,  with  phase  continuity  preserved. 
Each  frequency  was  transmitted  for  3  ms. 

f.  Interference  Amplitudes  -  The  signal-to-mterference  ratio,  as  used  m  these  tests,  was  the 
ratio  of  the  LORAN-C  signal  rms  voltage  at  the  standard  25  ps  sampling  point  (55?)*,  and 
the  interference  rms  voltage.  A  wide-band,  true  rms  voltmeter  was  used  to  measure  the 
interference  levels. 


TABLE  3-2.  FREQUENCY  ASSIGNMENTS  FOR  NARROWBAND  FSK 


Nominal 
precue^cy  ii-z) 

Aooroximate 

-'?'::ue''Cv  ■  -z) 

-c  •  -0  (“Zl 

rr  -  =0  I'-Z) 

73C00 

78038 

7^872  '75 

73042, ■ 75 

900C0 

900*10 

39870  ’67 

90040  -57 

101000 

•01034 

100864  143 

101034  143 

113000 

1 1 3042 

1 12872,175 

113042  175 

125000 

125040 

124870  167 

125040  167 

'  As  aenneo  m  :ne  RTCM  Minimum  Performance  Standarcs  :or  Manre  .ORAN-C  Receivmg 
Eauioment.- 
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4.  OBSERVATIONS 

4.1  GENERAL 

On-site  review  of  the  EECEN  data  and  data-tak'og  procedures,  undertaken  as  directed  in  the 
Test  Plan,  revealed  several  unexpected  observations: 

1)  Remarkably  robust  performance  of  marine  receiver  VI2  m  the  presence  of  near- 
synchronous  continuous  wave  interference  (CWl) 

2)  A  high  degree  of  sensitivity  to  OA/\  exhibited  by  marine  receiver  Mi,  m  light  of  the  more 
typical  performance  measured  when  it  was  suoiected  to  other  types  of  interference 

3)  A  relative  decrease  m  the  sensitivity  exhibited  by  several  receivers  to  interference  at  1 1  3 
kHz. 

In  all  cases  a  detailed  review  of  the  EECEN  data,  and  a  verification  of  the  data  through  soot 
measurements,  has  shown  the  EECEN  data-taKing  process  to  be  sound. 

4.2  RECEIVER  TRACKING  8ANDWI0THS 

The  tracking  bandwidths  of  the  test  receivers  were  estimated  from  measurements  of  tre 
receiver  servo  loop  constants.  The  response  time  of  each  receiver  to  a  step  change  n  onase  s  snown 
m  Table  4-1,  Using  the  approximation  f  =  (l/2  T),  the  bandwioths  range  from  0  07  hz  ‘or  the 
airborne  receivers,  to  0.01  Hz  for  the  marine  receivers. These  bandwioths  are  m  agreement  with  tre 
range  of  bandwidths  assumed  in  the  Test  Plan,  and  validate  the  selection  of  frequenc.es  0  006  Hz 
from  the  synchronous  lines  as  "near-synchronous  " 

TABLE  4-1.  SERVO  LOOP  TIME  CONSTANT 


deceive’’ 

^  'Tie 

Constant 

Ove'snoot 

A/erage 

Max  ~'u~ 
Oversnoot 

A- 

2.4  seconcs 

'  4  0  seconds 

3  3  seconcs 

A2 

2.2  seconds 

3.0  seconcs 

3  2  seconds 

M. 

4  0  seconds 

0.2  seconds 

j.  ■  seconcs 

M, 

1 2.0  seconds 

0.0  seconds 

0.0  seconds 

M3 

7  0  seconds 

5  6  seconds 

0  1  seconcs 

4.3  INDIVIDUAL  RECEIVER  PERFORMANCE 


4.3.1  Review  of  Data  for  Marine  Receiver  M2 

The  data  for  receiver  1VI2,  when  compared  with  data  from  the  other  four  receivers,  indicated 
unusually  high  insensitivity  to  near-synchronous  OA/I  for  all  test  frequencies  other  than  101  kHz,  as 
shown  in  Figure  4- 1 . 

The  tracking  test  graphs  present  Signal-to-Interference  Ratio  versus  Frequency  m  the  same 
relationship  as  is  used  in  ITU-CCIR  Report  9! 5.  Figure  4-1  presents  three  curves;  the  lower  one 
dentifying  the  locus  of  points  at  which  the  time  difference  (TD)  combined  accuracy  (CA)  error 
■•eacnea  0.15  microseconds;  the  second  curve,  identifies  the  locus  of  points  at  which  TD  CA  error 
eouais  0  2  microseconds:  and  the  third  curve  establishes  the  oomts  at  which  an  error  alarm  of  some 
<ind  occurred.  Note  that  there  is  no  0.3  microsecond  curve,  the  receiver  annunciated  an  alarm 
oer'ore  TD  error  nad  ncreased  to  0.3  microseconds. 

The  unexpectedly  'rooust  performance'  of  receiver  1VI2  m  the  presence  of  nea'^-synchronous 
CWi  IS  illustrated  by  the  steepness  of  the  slopes  of  the  three  curves.  The  plot  indicates  that  an 
emitter  radiating  at  1OO  kHz  would  create  a  0.15  microsecond  TD  error  at  LORAN  Slgnal-to- 
'nter’erence  Signal  Ratio  of  10  dS  and  would  prevent  use  of  receiver  M2  at  -5  dS. 

However,  note  that  at  oomts  ±  5  kHz  from  the  LORAN  central  earner  frequency  the  data 
ndicate  that  SIR  may  be  reduced  by  20  d8  and  at  t  10  kHz  by  t  40  dB,  or  stated  m  terms  of  the 
nterferer,  the  offending  emitter  can  apparently  produce  a  40  dB  stronger  signal  than  would  be 
tolerable  at  1 00  kHz. 

figure  4-2  comoares  the  resoonse  of  all  five  receivei'S  to  near-synenronous  C<VI.  n  tms 
lustration,  only  the  0  3  microsecond  TD  CA  or  Alarm  ..mit  curves  are  oresenteo.  Receive''  M; 
acc^oies  f'e  ce''te''  o’  ■.'~e  omt  Sacn  '•ece've''  exnioits  ou  *e  a  c;  ••e''e''t  'esoonse  'o  '•'e  '''e^'e'e''ce 
Out  ge'^e'^ar/  t''e  'Cu^  'ecewers  i.M-,  NH,  a-,  ao  are  see''  to  '■eo-. 'e  o'^otect  0^  acoss  a 

suostantiaiiy  -veer  oa''Cvv:ctn  ‘nan  receiver  M-.  ana  'ece'ver  M-  aDcare'''t;y  'eoui'es  an  acc;'  ona. 
-  20  dB  morO'-erre'’t  nSiR 

Normally,  tne  oerformance  of  '•eceiver  M;  wouiO  be  associated  with  eitner  soec  ai  'eceive'' 
orocessmg  or  an  extremely  narrow  RF  oancwidth  ~a  verify  the  measured  data,  the  -^on- 
synenronous  CvVl  test  was  reoeated  at  tne  35  <’-^z  inommaO  freouency  This  'epeat  measurement 
-■e'^Ated  the  nte'''ere'’ce 'eject  on.  caoaoi'ities  or  gmaily  measured  oy  EECEN 


70  75  80  85  90  95  100  105  110  115  120  125  130 


FREQUENCY  -  kHz 


FIGURE  4-2.  RESPONSE  OF  RECEIVERS  TO  NEAR-SYNCHRONOUS  CWI 


In  an  attempt  to  understand  the  frequency  sensitivity  of  the  measured  receiver  performance, 
the  frequency  was  readjusted  to  a  near-synchronous  frequency  of  approximately  97  kHz.  At  this 
frequency  the  sensitivity  of  the  receiver  to  interference  was  typical  of  other  receivers. 

Next,  the  frequency  was  adjusted  to  a  near-synchronous  frequency  of  approximately  96.5  kHz. 
Again,  typical  performance  was  observed.  Upon  returning  to  the  original  96  kHz  near-synchronous 
frequency,  the  original  measurement  could  not  be  repeated,  and  the  measured  effect  of 
interference  was  observed  to  be  typical  of  other  receivers  tested.  Further,  it  was  no  longer  possible 
to  repeat  the  original  96  kHz  measurement. 

In  a  further  attempt  co  understand  the  receiver's  performance,  the  skywave  interference 
measurement  data  obtained  during  the  Coast  Guard's  "5-day  receiver  test"  was  examined.  These 
data  showed  a  very  large  affect  from  simulated  skywave  interference,  the  time  difference  being 
shifted  as  much  as  0.82  microseconds.  This  performance  is  indicative  of  narrow  RF  bandwidth  on  the 
part  of  the  receiver  Time  constraints  prevented  further  investigation  of  receiver  M2  behavior. 

4.3.2  Critique  of  Marine  Receiver  Mi  Performance 

The  SSCEN  data  for  receiver  Mi  showed  a  very  high  sensitivity  to  near-synchronous  CA^I 
(Figure  4-3).  To  verify  the  original  EECEN  measurement,  several  points  were  spot  checked.  These 
checks  validated  the  original  data. 

4.3.3  Decreased  Sensitivity  at  1 1 3  kHz 

The  OOT/TSC  Test  Plan  required  that  all  fixed,  manually-tuned  and  automatic  notch  filters  be 
removed  from  the  70  kHz  -  130  kHz  band.*  During  the  validation  test  senes,  it  was  determined  that 
notch  filters  remained  operational  m  several  receivers  during  both  the  original  EECEN  tests  and  the 
later  TSC  validation  tests. 

Rece'ver  A'  was  eouiooea  with  'our  ‘ued  arc  'ou'  auto'^atic  ''Gt:''=s  ”''e  ‘Our  aL,tom3ic 

'’otc”es  were  oisaoied  using  a  oroceoure  oroviceo  oy  '-'e  ■^anu'act-re'-  SuOseG-e''t  d  sc-ss.ons 
,vitn  the  manufacturer  indicated  that  the  notcn  aisaonng  orocecure  'esu.teo  n  movei^ent  of  two  of 
the  notches  to  positions  at  50  kHz  and  two  to  positions  at  t  '4  <,-iz.  Contrary  to  plan,  tne  'our  -ixed 
notches  were  not  disabled;  these  had  been  adjusted  at  the  *actory  to  88.0,  1  l  3  0,  87  3  and  '  23  0  kHz. 


•Receivers  were  ordered  with  these  stipulations,  initial  data  analysis  indicated  decreased  sensitivity 
to  interference  at  1 1 3  kHz  for  several  receivers  and  this  was  verified  during  the  validation  tests. 


The  notches  at  1 1 3  and  1 1 4  kHz  appear  to  have  had  an  effect  on  data  taken  at  1 1 3  kHz,  see  Figure  4- 
4  and  Table  4-2.  The  effect  of  the  notches  at  1 13  and  1 14  kHz  are  evident  in  the  three  curves  for  CWI 
and  N8  F5K  in  the  region  of  SIR  -10  d8  to  -25  d8  versus  frequency  1 10  kHz.  Comparing  points  for 
these  three  curves  at  1 10  kHz  with  points  at  90  kHz  the  following  differences  are  shown  in  Table  4-3: 


TABLE  4-2.  COMPARISON  OF  LIMITING  SIRS  -  RECEIVER  Ai 


Frequency  kHz 

8S 

90 

95 

105 

no 

115 

Near-synchronous  CWI 

-45  dB 

-ISdB 

-12dB 

-13d8 

-36  dB 

-55  dB 

Non-synchronous  CWI 

-50  da 

-21  dB 

-12dB 

-lOdB 

-34dB 

-55dB 

NB  FSK 

-12dB 

-5dB 

-3dB 

-3dB 

-20  dB 

-25dB 

W8  FSK 

-t4d8 

-  SdS 

-2d8 

-  3d8 

-  SdB 

-lOdB 

TABLE  4-3.  COMPARISON  OF  RELATIVE  SIRS  •  RECEIVER  A, 


A  SIR 

1 10  versus  90  kHz 

A  SIR 

1 1 5  versus  85  kHz 

Near-synchronous  CAfi 

21  dS 

lOdB 

Non-synchronous  CWI 

13dB 

SdB 

NB  FSK 

15dB 

13d8 

W8  FSK 

±0dB 

-4dB 

Airborne  receiver  Ai  was  equipped  with  nine  notches.  These  had  been  factory  set  to  73.6,  77, 
88,  '132,  1153,  i1985.  '24,  12825  ana  '  34  9  <Hz.  As  wit."  receiver  A. ,  t"9  "otcn  at  1  '  3  2  kHz 
aooears  to  nave  af-ectea  the  cata  taicen  a:  l  >  3  <“z. 

Marine  receiver  .VI;  was  eauiooeo  with  four  automatic  and  several  ootionai  hxed  notch  filters. 
During  the  EECSV  tests,  :ne  automatic  notches  were  disaoied.  Two  fixed  notches,  tuned  to  88  and 
1 1 3  kHz,  were  present.  Again,  the  i  1 3  kHz  data  were  affected,  although  to  a  much  lesser  extent  and 
then  only  the  MB  FS<  data  disclosed  a  meaningful  displacement. 
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FIGURE  4-4.  COMPARISON  OF  RESPONSE  OF  RECEIVER  A,  TO  FOUR  TYPES  OF  INTERFERENCE 


Marine  receiver  Mi  was  equipped  with  four  automatic  notch  filters.  These  were  successfully 
tuned  out  of  the  LORAN-C  band  during  the  tests.  The  relative  symmetry  of  the  data  points  at  the  87 
and  1 13  kHz  frequencies  may  be  observed  in  Figure  4-6. 

Marine  receiver  M3  is  typically  offered  for  sale  with  optional  notches.  However,  none  were 
present  at  the  time  of  the  EECEN  tests.  Receiver  M3  did  contain  a  special  filter  with  reject  frequencies 
associated  with  the  Decca  Navigator  System,  rejecting  interference  m  the  region  of  76  and  1 1 3  kHz. 

This  filter  reduced  the  effect  of  the  interference  imposed  at  1 13  kHz.  In  Figure  4-7  and  Table  4-4  the 
data  show  a  5  to  10  dB  improved  ability  to  withstand  interference  at  113  kHz  as  compared  with 
interference  emitted  at  87  kHz. 


TABLE  4-4.  COMPARISON  OF  SIRS  -  FILTERS  NEAR  37  AND  113  kHz- 
RECEIVER  M3 


A  SIR 

versus  Frequency 

87  kHz 

1 13  kHz 

Near-synchronous  CWI 

-30  dB 

-35dB 

Non-synchronous  CWI 

-25dB 

-35d8 

N8  FSK 

•22  dB 

-30  dB 

WB  FSK 

-27dB 

•35dB 

The  asymmetry  of  the  interference  sensitivity  data,  with  respect  to  the  100  kHz  center 
frequency,  is  assumed  to  be  caused  by  rejection  (due  to  notches)  by  four  of  the  five  test  receivers  of 
interference  at  frequencies  near  11 3  kHz,  Asa  result,  the  recommended  protection  criteria  boundary 
curves  in  Section  5  were  adjusted  downward  at  113  kHz  to  provide  symmetry  about  the  central 
•reauency  of  1 00  kHz. 

4  4  LIMITATIONS  OF  DATA 

An  examination  of  tne  TD  comomed  accuracy  oata  computed  py  EECEN  during  me  aata- 
takmg  phase  of  the  test  showed  that  for  small  values  of  jitter,  the  value  did  not  monotomcally 
increase  with  decreasing  SIR.  in  an  attemot  to  understand  this  onenomena,  two  aspects  of  tne 
measurements  were  considered,  the  i^irst  was  '■esolution  of  the  displayed  time  difference  'eadmqs 
The  second  aspect  A/ai  the  jitter  to  pe  expected  m  simulated  atmosoner'c  noise  of  an  ntensity 
''ecessary  to  oroouce  a  signai-to-'^oise  .'atio  of  -10  dB 
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FIGURE  4-6.  COMPARISON  OF  RESPONSE  OF  RECEIVER  M,  TO  FOUR  TYPES  OF  INTERFERENCE 


4.4.1  LORAN-C  Receiver  Resolution 

Several  of  the  receivers  tested  provided  TD  outputs  with  a  resolution  of  0.1  microsecond. 
Examination  of  the  raw  data  showed  that  in  some  cases  these  receivers  held  a  constant  0.1 
microsecond  TD  value  throughout  the  300-second  interval  of  measurement,  while  m  other  cases, 
perhaps  due  to  a  slight  change  in  the  mean  time  difference  error  (MTDE),  the  output  would  jump 
(dither)  by  ±  0. 1  microsecond.  In  those  cases  where  the  output  dithered  by  i  0.1  microsecond,  the 
TD  CA  value  was  dramatically  increased.  It  was  concluded  that  TD  CA  values  of  less  than  0.1 
microsecond  could  be  biased  as  much  as  0.  t  microsecond  by  resolution  of  the  display. 

4.4.2  LORAN-C  Receiver  Jitter 

The  interference  measurements  were  made  while  the  receiver  was  subjected  to  a 
'background'  noise  of  -10  dB  'atmospheric',  produced  by  the  atmospheric  noise  simulator  of  the 
LRTC  II.  Measurements  derived  using  receiver  M3  equate  a  -10  dB  LRTC  ll  atmospheric  noise  level  to  a 
0  dB  Gaussian  noise  level  A  GRI  of  9960  and  a  0  dB  Gaussian  signal-to-noise  ratio  (SNR)  yielded  an 
expected  jitter  m  the  range  of  0.073  to  0. 103  microseconds  for  a  receiver  with  a  time  constant  of  2.2 
seconds  (typical  of  the  two  airborne  receivers),  while  an  8  second  time  constant  (typical  of  a  marine 
set)  will  yield  a  jitter  of  0.038  to  0  0S3  microseconds.  Thus,  atmospheric  noise  can  affect  the  CA 
readings  m  a  random  fashion  until  the  applied  interference  causes  the  measured  CA  to  exceed  either 
0.05  or  0. 1  microseconds,  depending  upon  receiver  type. 

It  was  concluded  that  TD  CA  values  of  less  than  approximately  0. 1  microsecond  were  strongly 
affected  by  the  measurement  technique,  and  changes  in  TD  CA  in  this  range  were  not  necessarily 
indicative  of  the  effects  of  interfering  signals. 

4.4.3  Change  to  Original  Test  Plan 

"he  original  test  olan  called  for  the  interference  tests  to  be  accomohsned  at  decreasing  Signal- 
tc-  "'e'^'e^e^'ce  'at'os  unn'  a  ooi'^t  yvre'e  'ne  "D  CA  was  g'^eater  ‘"an  or  eouai  0  3  mic^oseconc 
Du'  ng  tne  testing,  a  CA  ;alue  of  3  3  n’lcrosecono  was  seiaom  reaiizea,  as  most  ■■eceivers  mcicatec  a 
■lag  conoition  of  e't^'er  SL.N'K,  C'^C'.E  or  'ow  SNR  at  values  of  CA  well  beiow  3  3  microsecona.  This  15 
no  I  ca  ted  m  .=  gures  -l- 1 .  -1-3,  -1-3,  and  a-9 

for  ourposes  of  analyzing  the  data,  either  a  TD  CA  value  of  0.3  microsecond  or  excitation  of  a 
receiver  alarm,  wnichever  was  experienced  first,  was  used  as  the  limit  of  'racking.  It  was  assumed 
that  an  ooerator  would  consider  the  TQ  data  unusable  m  the  presence  of  a  receiver  aiarm  even 
thougn  the  system  mignt  continue  to  track.  The  receiver  sensitivity  curves  and  minimum 
oer'ormance  curves  aooearing  n  sections  4  and  5  are  olotted  to  reflect  the  TD  CA  bounoary  of  0  3 
microsecond  and/or  a  receiver  flag  condition 
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4.4.4  Wideband  FSK  Near-Synchronous  and  Narrowband  FSK  Non-Synchronous  Tests 

The  OOT/T5C  Test  Plan  utilized  by  EECEN  originally  intended  that  receiver  tracking  tests  would 
include  evaluation  of  the  five  receivers  under  all  combinations  of  near-synchronous  and  non- 
synchronous  conditions  of  interference.  However,  the  actual  testing  did  not  include  evaluation  of 
receiver  performance  in  the  presence  of  near-synchronous  wideband  FSK  or  non-synchronous 
narrowband  FSK  interference  due  to  time  limitations  m  the  availability  of  the  LRTC  ll. 

The  simulated  wideband  FSK  interference  spectrum  spanned  approximately  3  kHz,  or  roughly 
600  LORAN-C  signal  spectral  lines.  While  it  was  possible  to  consider  each  one  of  the  10  lines  which 
comprise  the  signal  to  be  either  a  near-  synchronous  or  non-synchronous  CA/  mterferer,  the  true 
effect  of  the  interference  was  that  of  energy  fairly  uniformly  distributed  over  a  3  kHz  bandwidth. 
Thus,  it  was  felt  that  the  characterization  of  wideband  FSK  as  eitner  near-synchronous  or  non- 
synchronous  was  not  meaningful  For  this  reason,  a  single  classification  of  "vVideband  interference  " 
was  adooted 

A  similar  consideration  held  for  narrowband  FSK  interference  m  this  case,  nowever,  the 
spectrum  was  nan-ow  enough  to  warrant  additional  testing.  For  this  reason,  a  test  was  oe'''^ormed 
using  receiver  1VI3  to  determine  wnether  or  not  there  was  a  significant  difference  between  the  two 
cases.  Figure  4-10  and  Figure  4-1 1  present  the  receiver  alarm  curves,  if  the  two  sets  of  curves  are 
superimposed,  they  are  seen  to  be  almost  .perfectly  congruent.  Based  on  this  evaluation, 
narrowband  FSK  interference  protection  recommendations  were  not  identified  as  being  either  near- 
synchronous  or  non-synchronous. 

4.4.5.  Acquisition  Tests 

The  acquisition  tests  were  conoucted  m  the  presence  of  near-synchronous  narrowband  FSK 
nter'erence,  the  most  difficult  situation  for  a  receiver  to  overcome  For  these  tests  tre  signal-to- 
"Oise  ^at'o  of  - ' C  o3  ^ t  uzed  ’or  the  tracking  tests  was  —orovec  to  a  SMR  /a  ^e  of  3  d3  "'■  s  c"ange 
was  mace  "o  assure  a  ^  g^^  orooaoi'-ty  of  cor'-ect  eye  e  seiect.on  oe'ore  "troc-ct  or-  0"  a'', 

t  s  noted  that  a  signai-to-noise  'at;o  of  -10  oB  is  the  specified  owest  Si\R  at  wnic-'  ■^ost 
receivers  will  correctly  inquire  LORAN-C  signals.  Improving  the  ratio  assureo  tnat  the  yar  ations  .n 
measured  receiver  acquisition  performance  could  be  attributed  to  the  imposed  nter'erence. 

Figure  4-12  presents  curves  ‘or  three  -eceivers.  The  thresnoid  of  nter-erence-acceotabiiity 
was  set  at  6  minutes.  An  inter*e''ence  condition  whicn  prevented  a  receiver  'rom  correctly  acquiring 
the  third  cycle  witrm  6  minutes  of  syste.m  turn  on  was  ^sed  as  the  umit  point 
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FIGURE  4-10.  RECEIVER  .M3  RESPONSE  TO  NARROWBAND  F5K  NEAR-SYNCHRONOUS  INTERFERENCE 


5.  RESULTS 


5.1  GENERAL 

This  section  presents  composite  results  for  each  type  of  interference,  recommended  protection 
criteria  and  concludes  with  a  proposed  procedure  to  analyze  the  effects  of  interference  on  LORAN-C 
receivers. 

5.2  COMPOSITE  RESULTS  FOR  EACH  INTERFERENCE  TYPE 

After  completion  of  all  tests,  data  for  receivers  was  compared  for  each  type  of  interference. 
Performance  between  different  receivers  varied  over  a  40  dS  range.  Some  receivers  which  showed 
extra  sensitivity  to  one  type  of  interference  were  less  affected  by  other  types.  In  the  previous  section. 
Figure  4-2  was  a  composite  plot  of  the  performance  of  all  f’ve  receivers  when  subjected  to  near- 
synchronous  CWI.  Further  study  of  the  data  showed  that  if  a  limit  was  placed  at  the  point  where  the 
most  sensitive  receiver  had  a  combined  accuracy  of  0.3  microsecond  or  an  alarm  condition,  a 
symmetrical  envelope  could  be  developed.  Figure  5-1  is  the  composite  envelope  for  all  receivers  for 
the  case  of  near-  synchronous  CWI.  Figures  5-2  through  5-4  presents  composite  envelopes  for  each  of 
the  remaining  interference  types.  Tick  marks  on  the  vertical  axis  mcTicate  where  some  type  of  alarm 
was  noted.  Actual  descriptions  were  omitted  to  avoid  unnecessary  detail  m  the  figure. 

5.3  MINIMUM  PERFORMANCE  CURVES 

Each  of  the  composite  envelopes  or  curves  shown  in  Figures  5-1  through  5-4  represents  a 
threshold.  When  the  signal  to  interference  ratio  is  greater  than  the  threshold,  all  of  the  receivers 
performed  within  acceptable  limits.  The  threshold  ratio  was  chosen  as  a  minimum  for  acceptable 
performance. 

5.3.1  Continuous  Wave  Interference  Curves 

Comoarison  of  receiver  cerformance  for  near-synchronous  versus  non-syncnronous 
'Oterference  snowed  that  the  receivers  needed  a  5  dS  morovement  ;n  signal  evei  to  achieve  normal 
performance.  Minimum  performance  curves  were  preoared  for  each  type  of  continuous  wave 
interference  and  are  presented  m  Figure  5-5.  The  format  of  the  curve  is  that  used  by  the  CCIR  m 
Report  915. 
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FIGURE  5-  4.  COMPARISON  OF  THE  RESPONSE  OF  RECEIVERS  TO  WIDEBAND  FSK  INTERFERENCE 
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FIGURE  5-5.  MINIMUM  PERFORMANCE  CURVES  FOR  NEAR  AND  NON-SYNCHRONOUS  CWI 


5.3.2  FSK  Interference  Curves 

Examination  of  all  FSK  information  showed  that  the  required  signal  to  interference  ratio  for 
minimum  ^ece'ver  oe'''‘ormance  -vas  the  same  ^or  botn  types  o'  interference  exceot  at  '  '  3  <  h;  As 
discusseo  n  section  .13  3,  "Our  o'  tne  receivers  erfectiveiy  hao  notches  at  this  frequency  anp  thus 
A/ere  less  sensitive  to  the  interference  The  fifth  receiver  was  insensitive  to  both  types  of  FSK 
nterference  Reflecting  this  analysis,  a  single  curve  was  produced  for  FSK  interference  and  .s 
presented  m  Figure  5-6. 

5.4  RECOMMENDED  PROTECTION  MARGIN 

The  minimum  performance  limits  presented  m  Section  5  2  reflect  the  effect  of  various  types  of 
interference  on  receiver  tracking  performance.  A  protection  boundary  for  lORAN-C  receivers  must 
also  incorporate  allowances  for  receiver  acquisition  and  variation  m  atmospheric  noise  structure. 
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FIGURE  5-6,  MINIMUM  PERFORMANCE  CURVE  FOR  FSK  INTERFERENCE 


5.4.1  Receiver  Acquisition 

Receiver  acquisition  m  the  presence  of  noise  is  a  more  difficult  task  than  continued  tracking 
wnen  noise  is  introduced  The  acouisition  tests  discussed  m  Section  J  4  5  orovided  oata  ‘o  estaoiish 
an  aoditionai  protection  margin.  Comparison  of  the  acquisition  versus  tracking  performance  of  tne 
receivers  tested  indicated  that  at  least  a  5  dS  higher  SIR  was  required  to  correctly  acquire  a  signal 
than  was  required  to  track.  The  observed  limit  was  smaller  than  expected.  Re-exammation  of 
tracking  data  showed  that  most  receiver  failures  occurred  due  to  issuing  of  one  of  the  receiver 
alarms  rather  than  loss  of  signal  track.  The  mechanisms  which  trigger  the  CYCLE,  BLINK  AND  SNR 
alarms  are  related  to  signal  amplitude  rather  than  cycle  tracking  and  reflect  a  measurement  similar 
to  that  involved  m  the  cycle  identification  task.  A  margin  between  5  to  10  dB  is  desirable  for 
acquisition  protection. 


5.4.2  Noise  Variation 


The  atmospheric  noise  source  used  for  the  tracking  tests  was  modeled  after  "tropical"  noise. 
For  operating  regions  other  than  the  tropics,  atmospheric  noise  becomes  less  impulsive  and  more 
Gaussian.  The  effect  of  Gaussian  noise  on  LORAN-C  receivers  is  to  reduce  tracking  performance,  thus 
requiring  an  increase  in  minimum  SIR.  During  the  jitter  tests  discussed  in  section  4.4.2,  it  was 
determined  that  a  SNR  of  0  db  Gaussian  produced  jitter  identical  to  that  of  -10  dS  for  the 
"atmospheric"  noise  generator  of  the  LRTC  II.  Identification  of  noise  variation  throughout  the 
regions  was  beyond  the  scope  of  this  study.  An  additional  protection  margin  between  5  and  1 0  dB  is 
desirable  to  account  for  variations  in  background  noise  conditions. 

5.4.3  Recommended  Protection  Curves 

The  considerations  of  signal  acquisition  and  noise  suggest  an  increase  in  the  protection 
boundary  ranging  between  10  and  20  d3  A  figure  of  15  dB  was  selected.  Figures  5-7  and  5-8 
present  recommended  protection  curves  for  the  frequency  band  of  70-130  kHz  and  incorporate  this 
additional  15  dB  protection  margin. 


FIGURE  5-7  SUGGESTED  PROTECTION  BOUNDARY  FOR  CONTINUOUS  WAVE 
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FIGURE  5-3.  SUGGESTED  PROTECTION  ROUNDARY  FOR  FSK  INTERFERENCE 

5.5  PROPOSED  TECHNIQUE  F<  ^  j'FFSing  EFFECTS  OF  MULTIPLE  INTERFERENCE 

The  testing  used  to  deveic  Dran-C  interference  sensitivity  curves  shown  in  Section  4  and 

summarized  above,  employed  a  smg  interfering  signal  for  each  of  the  types  of  interfering  signals 
tested.  This  section  describes  a  technique  which  could  be  used  to  assess  the  overall  effect  of  a 
mu!t:olicity  of  interfering  s.grais  (more  ’•eoresentative  of  'eai-zvor'd  conditions)  .vnicf  vary  ootn  n 
■’■eauency  ano  .ype  The  tecnnique  was  oeve'ooea  aftef  ;omo,et  on  of  nte'"'e''ence  tests  ano  ;an  oe 
-enf-ed  through  -uture  'ests 

5.5.1  Assumptions 

•  Due  to  the  puise  nature  of  the  Loran-C  signal,  the  effect  of  a  multiohcity  of  mterferers  on 
the  samoling  oomt  will  add  m  a  root  sum  square  manner,  according  to  their  effective 
levels  during  post  samoling  signal  orocessmg. 

•  The  Loran-C  'eceivers  subject  to  protection  by  this  criteria  are  designed  to  include  at  least 
four  notch  niters.  ”wo  of  these  niters  are  ocated  above  the  Loran-C  band  m  the 
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frequency  range  from  1 10-130  kHz,  and  two  are  located  below  the  primary  Loran-C  band 
in  the  frequency  range  from  70-90  kHz. 

•  Each  of  the  receiver's  notches  are  assumed  to  have  a  30  dB  rejection  bandwidth  of  1 00  Hz. 
That  is,  frequencies  located  ±  50  Hz  from  the  center  frequency  of  the  notch  filter  will  be 
reduced  by  at  least  30  dB. 

5.5.2  Proposed  Procedure 

The  technique  proposed  for  assessing  the  effect  of  multiple  interfering  signals  is  accomplished 
using  the  following  nine  steps; 

STEP  1 

At  geographical  locations  inside  the  LORAN-C  coverage  area  to  be  protected,  determine  the 
equivalent  rms  signal  level  of  the  weakest  LORAN-C  pulse  tram  to  be  tracked  at  the  standard 
samoling  point.  This  is  the  effective  LORAN-C  signal  strength. 

STEP  2 

Using  the  signal  protection  margin  required  for  near-synchronous  interference  at  100  kHz, 
oetermine  the  maximum  acceptable  interfering  signal  field  strength.  This  level  is  assumed  to  be  the 
■naximum,  weignted  rss  interference  signal  level  acceptable  to  a  LORAN-C  receiver  at  the  selected 
ocation.  The  near-synchronous  level  was  selected  because  testing  showed  this  type  of  interference 
to  oe  most  detrimental  to  LORAN-C  receivers. 

STEP  3 

For  the  selected  location,  identify  all  interfering  signals  and  characterize  them  by  frequency, 
ntensity  and  modulation  type.  The  modulation  types  to  be  considered  are  near-synchronous  CA/, 
^on-synchronous  OV,  narrowband  FS<  and  wideband  rSK. 

S'E=ii 

^ecuce  3!i  '';e'’'e''  '■g  signals  eve-s  oy  :ne  'acio  of  ttie  ie'''>r^:vry  of  '."e  ■ecer/e’’  to  t'^e  tyce 
and  f'e  ■reaue''cy  of  ''■e''*er;ng  signal,  n  accordance  witn  the  relative  ef*ect  of  n'er'e'ence  snown 
.n  tne  orotection  cnter'a  curves. 

STEP  5 

Identify  the  interfering  signal  in  the  frequency  range  from  70-90  kHz  which  has  the  greatest 
effect.  If  the  bandwidth  of  the  signal  is  less  than  100  Hz,  reduce  its  effective  intensity  by  30  dB  under 
the  assumption  that  the  signal  would  be  notched  by  the  receiver 

STEPS 

Reoeat  steo  -l  to  reduce  the  amplitude  of  the  remaining  largest  amplitude  signal  of 
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bandwidth  less  than  100  Hz.  (Note:  It  may  be  desirable  to  place  both  notches  on  the  interfering 
frequency.) 

STEP? 

In  certain  circumstances,  it  may  be  desirable  to  use  the  two  notches  to  eliminate  a  single 
interferer  of  bandwidth  greater  than  100  Hz  by  placing  the  two  notches  side  by  side.  If  this  appears 
to  be  the  case,  it  may  be  necessary  to  repeat  this  interference  sensitivity  assessment  process  twice, 
once  notching  out  two  individual  narrowband  signals  and  once  using  both  notches  to  minimize  the 
effect  of  a  single  broader  band  interferer. 

STEPS 

Repeat  steps  5,  6  and  7  for  interfering  signals  in  the  frequency  band  from  1 10-130  kHz 

STEP  9 

Finally,  compute  the  square  root  of  the  sum  of  the  squares  of  the  field  strengths  of  the 
weighted  interfering  signals  to  obtain  an  effective  interfering  signal  level  If  this  level  exceeds  the 
maximum  acceptable  level  computed  m  step  2,  the  LORAN-C  system  performance  will  be  reduced  to 
an  unacceptable  level. 


5.5.3  Example  of  the  Use  of  Protection  Curves 

Step  1 ,  Assume  that  the  LORAN-C  signal  strength  is  1.0  milh  volts/meter  (mV/m). 

Step  2.  From  Figure  5-9,  the  protection  required  at  100  kHz  against  near-  synchronous  C/V 
interfering  signals  is  20  dS,  or  a  voltage  ratio  of  1 0;  1 ,  Thus,  for  a  1 ,0  mV/m  LORAN-C 
signal,  the  maximum  weighted  rss  interference  level  is  0.1  mV/m.  Figure  5-10 
□resents  the  example  for  F5K  interference. 

Steps  The  assumed  interference  sources  are  shown  m  Table  5-1  below 

table  5-1.  data  FOR  EXAMPLE 


a 


-'eouency 

T'/oe  of  'nterfererce 

^evei 

st  1 

1 13  kHz 

Near-synchronous  CNVI 

7  mV/m 

41 

1 17kHz 

N3  FSK 

7  mV/m 

#3 

37  kHz 

Near-synchronous  CWI 

1  6  mV/m 

44 

30  kHz 

Non-synchronous  CA/I 

1  4.  mV/m 

45 

96  kHz 

N8  =SK 

0  3  mV/m 
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Steps  4  through  6  are  considered  for  three  examples.  Table  5-2  summarizes  the  calculations. 
The  first  four  columns  list  the  characteristics  of  the  assumed  interference  sources.  Columns  five  to 
eight  show  the  reduction  of  the  effect  of  the  interference  due  to  the  type  of  modulation,  frequency 
of  the  signal,  and  the  application  of  notch  filters.-  The  last  column  lists  the  final  effective  level  of 
each  interference,  and  the  total  effective  rss  level  for  all  assumed  interfering  signals. 

Example  A  in  Table  5-2  shows  an  acceptable  situation  of  0.068  millivolts/meter  rss,  compared 
to  the  limit  of  0.1  millivolts/meter  rss  calculated  in  step  2.  Note  that  two  notches  were  placed  on 
interferer  #3. 

In  example  8,  a  fourth  interfering  signal  of  relatively  low  level  is  aaded  to  the  signals  assumed 
in  example  A.  Due  to  the  low  level  of  the  new  signal  when  compared  to  interferer  #3,  both  notches 
are  again  placed  on  interferer  #3,  leaving  interferer  #4  unnotched  The  equivalent  level  of  the 
interference  is  still  acceptable  at  0.076  millivolts/meter  rss. 

Example  C  m  Table  5-2  shows  the  effect  of  a  single  relatively  low  level  interferer  when  it  occurs 
in  the  band  from  90-1 10  kHz.  As  most  receivers  do  not  permit  notch  filters  to  be  tuned  inside  this 
band,  the  assumed  96  kHz  N8  F5K  interfering  signal  only  benefits  from  the  6  dS  relative  sensitivity 
protection  of  the  receiver  against  N8  F5i<  modulation.  The  net  effect  of  this  single  interferer  is  an 
effective  interference  level  of  0.15  millivolts/meter,  50  microvolts/meter  above  the  limit  of  O.l 
millivalts/meter. 


TABLE  5-2.  PROTECTION  BOUNDARY  CURVE  DATA 


IntP'foronce 

Interference  Characteristics 

Reduction  Effects  of  Notch  Filters 

Final 

Effective 

Level 

mV/m 

Nominal 

Frequency 

kHz 

Type 

Level 

mV/m 

Relative 
Receiver 
Sensitivity 
dS  (v.  ratio) 

Effective 

Signal 

Level 

mV/m 

After 
Notch  1 
30  dB 
(31.64) 
mV/m 

After 
Notch  2 

30  dB 
(31.64) 
mV/m 

EXAMPLE  A 

#1 

113 

CWI  (Near) 

7 

11  (3  S4;1) 

1.98 

.063 

.063 

#2 

117 

NB  FSK 

7 

19(8  9:1) 

.79 

.025 

.025 

#3 

87 

CWI  (Near) 

16 

11  (3.54:1) 

4.52 

.143 

.0045 

.0045 

0.068  rss 

EXAMPLE  3 

#1 

113 

CWI  (Near) 

7 

11  (3.54:1) 

1.98 

063 

.063 

*2 

117 

N8  FSK 

7 

19(8.9:1) 

.79 

.025 

.025 

87 

CWI  (Near) 

16 

11  (3.54:1) 

4.52 

143 

.0045 

.0045 

#4 

30 

CWI  (Non) 

1.4 

32  (40:1) 

.035 

.035 

0.076  rss 

EXAMPLE  C 

#S 

96  kHz 

N8  FSK 

.3 

6(2:1) 

.15 

.  1  5  rss 

O/VI  Continuous  Wave  Interference 

(Near)  Near-Synchronous 

(Non)  Non-Synchrorous 

N8  Narrowband 

rSK  P'-eouency  Shift  Keyed 

^ss  Square  root  or  tre  S'jm.  of  :-e  square 

AM  ratios  statea  as  03  (voltage  ^at:o) 


6.  CONCLUSIONS 


The  test  program  conducted  at  the  EECEN  provided  a  data  base  for  the  establishment  of 
interference  protection  boundaries.  Basic  assumptions  regarding  receiver  performance  proved 
sound.  As  with  any  test  program  where  only  a  sample  of  products  is  tested,  appropriate  care  should 
be  exercised  when  the  results  are  extended  to  other  conditions. 

Step  response  tests  showed  that  the  receiver  tracking  bandwidths  varied  between  0.01  Hz  for 
marine  receivers  to  0.07  Hz  for  avionics  receivers.  These  results  provide  support  for  the  1.0  Hz 
spectral  spacing  between  Loran-C  and  synchronous  interference  proposed  in  the  U  S.  Government 
amendment  to  CCIR  Report  915. 

Tracking  tests  showed  that  receiver  sensitivity  to  interference  is  greatest  at  100  kHz  and 
decreases  as  an  interference  signal  gets  farther  from  100  kHz.  Receivers  are  most  sensitive  to  near- 
synchronous  CWI,  requiring  5  d8  protection  at  100  kHz.  Curves  were  developed  which  present  the 
minimum  acceptable  interference  levels.  Acquisition  tests  and  uncertainties  associated  with 
background  noise  variation  indicate  that  an  additional  IS  dB  protection  margin  should  be  provided. 
Curves  which  include  this  additional  margin  were  also  produced. 

LORAN-C  receivers  were  also  shown  to  be  sensitive  to  interference  beyond  the  authorized  90- 
»  110  kHX  emission  band.  A  technique  for  analysis  of  the  effects  of  emissions  was  developed  and 

presented. 

In  view  of  the  effect  of  interference,  measures  should  be  taken  to  prevent  harmful 
interference  through  continuous  monitoring  of  the  Mobile  Maritime  Band  and  'Operation 
between  operating  agencies. 
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